Since discrete multilevel transitions of quantum-dot molecules driven by external electromagnetic fields can exhibit quantum coherence effects, such an optical characteristic can be utilized to control propagation of electromagnetic wave through a quantum-dot molecule dielectric film. Since inner-dot tunneling in quantum-dot molecules can be controlled by a gate voltage, destructive quantum coherence among multilevel transitions in quantum-dot molecule would give rise to EIT (electromagnetically induced transparency). In this report, we shall investigate controllable on-and off-resonance tunneling effects of an incident electromagnetic wave through such a quantum-dot-molecule dielectric film, of which the optical response is tuned by the switchable gate voltage. We have found from the theoretical mechanism that a high gate voltage can cause the EIT phenomenon of quantum-dot-molecule systems, and under the condition of on-resonance light tunneling through the thin film, the probe field will propagation without loss if the probe frequency detuning is zero. By taking advantage of these effects sensitive to the tunable gate voltage, such quantum coherence would be integrated in certain photonic structures, and some devices such as photonic switching and transistors can be designed. Transient evolution of optical characteristics in the quantum-dot-molecule dielectric film (once the tunable gate voltage is turned on or off) is also considered in this report.
Introduction
Light propagation control is one of the key technologies with the development of photonic and optical science. Over the past two decades, utilizing one light to control another light has attracted a lot of interest of a group of researchers [1] [2] [3] [4] [5] . In quantum optics, quantum coherence can be used to realize such applications. For example, quantum coherence in atomic physics has captured intensive attention because it exhibits some novel phenomena in various multi-level atomic systems [3] - [9] . All of these effects can be found in three or four level atomic systems, which control the weak probe field through constructive or destructive quantum coherence among transitions driven by one or two applied control lights. Quantum coherence effects are often observed in neutral alkali-metal atomic vapors [3] - [8] . However, there are also some discrete energy level structures in solid materials, which may also be used to realize quantum coherence. One of them is the material of semiconductor quantum dots [10] [11] [12] . As is well known, in a quantum dot, electrons and holes should only be in some specific states of quantum mechanical wave functions, and this would cause the effect of multilevel transitions. That is to say, lossless propagation of a probe field in such a quantum-dot quantum coherent medium can be achieved (electromagnetically induced transparency, EIT) if we tune the frequency of the probe field resonant with the quantum-dot energy level transition. In this case EIT effect results from the destructive quantum coherence among the quantumdot three-level transitions. Besides, we should also take into account the quantum-dot molecules [13] [14] [15] [16] . A quantum-dot molecule is a system of two or more coupled quantum dots, where coherent electronic states form through inter-dot tunneling [17] [18] . There have been many interesting applications and effects realized in quantum-dot molecular media, e.g., optical bistability [19] [20] , slow light [21] [22] , resonance fluorescence [23] , electron-hole excitons [24] , quantum interference and unusual optical responses [25] , as well as tripartite hybrid quantum entanglement [26] .
In this work, we will discuss the propagation effect controlled by a tunable gate voltage through a quantum-dot molecule dielectric film. Our study is performed based on the work of Zohravi and M. Mahmoudi [18] . We shall focus on the controllable tunneling effect via quantum coherence, including the multilevel transitions of quantum-dot molecules. The transitions of quantum-dot molecules are both driven by a gate voltage (playing a role of controlling light in the conventional EIT) and by an incident electromagnetic wave (playing a role of probe light in the conventional EIT), and then the transmission characteristics of the incident electromagnetic wave can be controlled by the gate voltage. We expect that this tunable and sensitive optical response driven by quantum coherence in multi-level quantum-dot molecule systems may open prospects in new domains for designing devices, e.g., microcircuits in integrated photonics/optics.
The central working mechanism of this work has been published in the litera- 
Theoretical Mechanism of Controllable Tunneling of Light through a Quantum-Dot-Molecule Dielectric Film
Novel optical and electromagnetic responses relevant to quantum coherence can be exhibited through level transitions caused by phase coherence in quantumdot systems, including quantum-dot molecular systems. A three-level system model can be used to describe the interaction between an incident probe light and a quantum-dot molecule, in which the light-molecule coupling is manipulated through a tunable gate voltage, e.g., an Λ -configuration three-level system (see Figure 1 (a)) consists of two lower level 0 , 2 and one upper level 1 . As is well known, in a traditional atomic EIT, a control light couples the pair of 2 -1 and a weak probe light drives the transition of 0 -1 . Now in the present quantum-dot molecule (see Figure 1 (a)), a low-frequency gate voltage plays the role of the control light, which excites the 2 -1 transition (causing inner-dot electron tunneling between two quantum dots in a quantum-dot molecular system [18] ).
We define the frequency detuning of control light and probe light as 
The Rabi frequency of the weak probe light and the gate voltage are defined as 
for 1 -2 transition and 0 -1 transition is fulfilled, the coherent population trapping (CPT) will be achieved (e.g., 11 0 ρ → ). That is to say, the whole driving contribution, i.e., the sum of 
In order to comply with the "notations and conventions" of Zohravi and M.
Mahmoudi [18] , we will choose the probe frequency detuning p δ ∆ → − and .
If the gate voltage e T is large enough (e.g., Γ is negligibly small). This means that a resonant laser beam will not be absorbed by the present quantum coherent system (due to EIT effect).
Next we shall discuss the reflection and transmission of the incident probe light in the thin film system. Figure 1 (b) and Figure 2 shows that a uniform electromagnetic plane wave (probe field) which travels along z-direction in medium 1 ( 1 1 , ε µ ) is normally incident on the left boundary of medium 2 ( 2 2 , ε µ ), then it passes through medium 2 and finally it is transmitted into medium 3
, ε µ ). The reflection and transmission occurs on both interfaces of medium 2 (quantum-dot molecular dielectric film). So by using the theory of film optics and the electromagnetic boundary conditions [28] , the reflection coefficient at the left interface of medium 2 is 
and the transmission coefficient of the film is
In Equations (5) and (6), d denotes the quantum-dot molecular film thickness and β is the phase constant ( 
Numerical Example of Quantum Coherence for Manipulating Electromagnetic Wave Transmission
The tunable light tunneling through a quantum-coherent dielectric film doped The dispersion of r (reflection coefficient), R (reflectance) and t (transmission coefficient), T (transmittance) of the thin film in the cases of both on- voltage is zero in Figure 5 , there exhibits no EIT effect at the probe resonance frequency ( 0 δ = ). In this case, both the reflectance R and the transmittance T are reduced by the two-level resonant absorption (caused by the 0 -1 transition).
In the above figures, the EIT effect is not dominant because the gate voltage e T is low. In what follows, we shall show that the gate-voltage-driven inter-dot tunneling in a quantum-dot molecule can enable the typical quantum coherence effects (i.e., EIT) to be exhibited. The behavior of tunable on-and off-resonance light tunneling through a quantum coherent quantum-dot-molecule dielectric film, where EIT is involved, will be addressed below. 
The Tunable Dispersion Characteristics of the Reflection and Transmission Spectra in Quantum Coherence for Manipulating Electromagnetic Wave Transmission
The three-dimeniosional dispersion characteristics of the reflection and transmission spectra of the thin film, in which the film thickness (defined as and hence the resonant tunneling of the probe field will occur, i.e., the reflectance R is small and the transmittance T approaches unity. , the EIT of the probe field can be exhibited, and hence the resonant tunneling of the probe field will occur, i.e., the reflectance R is small and the transmittance T approaches unity. However, in the case of off resonance, the reflectance R increases and the transmittance T decreases compared with the case of on resonance.
reflectance R of the probe light increases and the transmittance T decreases.
This, therefore, means that the transmission and reflection spectrum of an incident electromagnetic field (probe field) can be tuned via the gate voltage that is applied on the quantum-dot molecular thin film.
Transient Evolution of Controllable Tunneling of Light
In the preceding sections we have addressed the steady optical properties of the quantum-dot molecular dielectric film, where the gate voltage has been turned on and hence all the physical quantities of the three-level quantum-dot molecular system are time-independent (i.e., steady). However, when the magnitude of gate voltage changes from one value to another one, e.g., the gate voltage is turned off before time 0 t < and is turned on at 0 t = , this will lead to the transient evolutional optical behavior of the quantum-dot molecular dielectric film (i.e., the population in the present three-level quantum-dot molecular system will evolve from one steady state to another one). In this process, the transmission and reflection spectra of the probe light will also change from one R. X. Zeng et al. steady case to the other one. Now we shall briefly discuss the transient solution of Equation (1) . We will consider the approximate solution, of which the dynamical equations can be given by 
where the small terms such as We assume (ground state population) 00 1 ρ ≈ . These two equations in (7) can be rewritten as a matrix equation 
